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Implicit and Explicit Learning of a
Sequential Postural Weight-Shifting
Task in Young and Older Adults
Simone R. Caljouw*, Renee Veldkamp and Claudine J. C. Lamoth
Center for Human Movement Sciences, University Medical Center Groningen, University of Groningen, Groningen,
Netherlands
Sequence-specific postural motor learning in a target-directed weight-shifting task in
12 older and 12 young participants was assessed. In the implicit sequence learning
condition participants performed a concurrent spatial cognitive task and in the two
explicit conditions participants were required to discover the sequence order either with
or without the concurrent cognitive task. Participants moved a cursor on the screen
from the center location to one of the target locations projected in a semi-circle and
back by shifting their center of pressure (CoP) on force plates. During the training the
targets appeared in a simple fixed 5-target sequence. Plan-based control (i.e., direction
of the CoP displacement in the first part of the target-directed movement) improved by
anticipating the sequence order in the implicit condition but not in the explicit dual task
condition. Only the young participants were able to use the explicit knowledge of the
sequence structure to improve the directional error as indicated by a significant decrease
in directional error over practice and an increase in directional error with sequence
removal in the explicit single task condition. Time spent in the second part of the
movement trajectory to stabilize the cursor on the target location improved over training
in both the implicit and explicit sequence learning conditions, for both age groups. These
results might indicate that an implicit motor learning method, which holds back explicit
awareness of task relevant features, may be desirable for improving plan-based motor
control in older adults.
Keywords: implicit motor learning, postural control, aging, older adults, sequence learning
INTRODUCTION
Repeating patterns or sequences occur often in our environments, and in many activities of daily
living a sequence of individual acts is performed in interaction with the environment. For example,
the sequence of asks needed to get a glass of water may include, leaning over to a cupboard,
opening the cupboard, grasping a glass, moving to the tap, and turning on the faucet. Prediction of,
adaptation to, and learning about, environmental regularities on the basis of preceding events may
assist in how the body needs to be moved in order to achieve the task goal, and requires adequate
postural control (Sturnieks et al., 2008; de Vries et al., 2014).
Aging yields an undeniable deterioration of postural control, as a consequence of a general age-
related deterioration of sensory and neuromuscular control mechanisms (Laughton et al., 2003;
Sturnieks et al., 2008). Consequently, maintaining postural stability during daily tasks becomes
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less automatic, and requires increased attention. Aging, however,
is not only associated with a decline in postural control, but also
with a deterioration of cognitive processes involving executive
functions and attention (Castel and Craik, 2003; Park et al.,
2003; Lovden et al., 2008; Verwey, 2010). Thus, older adults have
greater need for conscious attention to maintain good postural
control, due to impaired sensory and motor system functions. At
the same time, they suffer from reduced attentional and working
memory capacity. Since postural control becomes less automatic,
depending on the complexity of the motor task, the execution of
a concurrent cognitive task will lead to performance decrements
(Huxhold et al., 2006; Boisgontier et al., 2013).
The age-related decline of cognitive functions makes it
plausible that the ability to explicitly learn sequential motor skills
decreases with age, since explicit motor learning requires an
intention to learn and thus a contribution of strategic processes
such as attention, reasoning, and memory (Fitts and Posner,
1967). Young adults acquire more explicit knowledge about the
sequence structure than older adults (Howard and Howard, 2001;
Verneau et al., 2014). When older adults do acquire explicit
knowledge about a sequence, they would be less successful in
using this knowledge (Shea et al., 2006; Verneau et al., 2014).
Implicit learning, on the other hand, is considered to depend on
a phylogenetically older and more primitive system than explicit
learning (Reber, 1992). In implicit learning, learning occurs
without an intention to learn and without explicit knowledge
about the environmental regularities, it thus depends less on the
working memory capacity (Masters, 1992; Jimenez and Vazquez,
2005; Janacsek and Nemeth, 2012). Therefore, it is suggested that
implicit learning is more robust to the effects of age (Cherry and
Stadler, 1995; Song et al., 2009). Abundant research exist on the
influence of age on implicit motor learning used serial reaction
time tasks (Nissen and Bullemer, 1987; Willingham and Goedert-
Eschmann, 1999). In serial reaction time tasks participants have
to react as fast as possible on certain stimuli by pressing keys on
a keyboard, repeating sequences of stimuli are hidden between
random stimuli, in order to remain unknown to the participants
(for reviews see: Rieckmann and Backman, 2009; Howard and
Howard, 2013; King et al., 2013). With practice, participants
become faster due to general skill learning and sequence specific
learning. Sequence-specific learning is indicated by an abrupt
increase in response times when the sequential regularity is
removed. Older adults do show sequence learning in these tasks,
however, the rate and magnitude of learning declines when task
conditions become cognitively more demanding. This occurs
with increased complexity of the sequence due to alternating
random and ordered elements (Curran, 1997; Feeney et al., 2002;
Howard et al., 2004; Bennett et al., 2007; Simon et al., 2011) or due
to an additional working memory load in the form of a dual-task
(Frensch and Miner, 1994; Nejati et al., 2008; King et al., 2013;
Vandenbossche et al., 2014).
In contrast to serial reaction time tasks, taking advantage of
a repeating sequence of elements to improve postural responses
is proven to be difficult. Recent studies (Van Ooteghem et al.,
2008, 2010) question earlier positive findings of Shea et al. (2001)
who showed segment learning in a visuomotor tracking task in
which participants were asked to continuously track a target by
controlling their center of pressure (CoP; moving a platform
on a stabilometer on which they were standing). Chambaron
et al. (2006) suggested that performance improvements in
this previous study were not the result of segment-specific
visuomotor learning, but could be attributed to methodological
flaws, i.e., the selection of a repeating segment that was more
easy to perform than the random control segments. The studies
of Van Ooteghem et al. (2008, 2010) lend further support for
Chambaron et al. (2006) indicating no evidence for sequence
specific learning in a postural control task in which participants
had to maintain balance in response to a repeating pattern of
sequential platform manipulations. On the other hand, Orrell
et al. (2006) showed that application of an implicit motor learning
technique did improve balance performance on a stabilometer.
It is presently not known whether implicit motor learning
would occur for postural control tasks in which participants
produce postural adjustments to environmental regularities
of a sequential nature (instead of reactive to perturbations).
Therefore, in the present study, sequence-specific postural motor
learning in a target-directed weight-shifting task was assessed,
in both older and young participants. Instructing participants
to discover a sequence can attenuate the degree to which
participants gain awareness of the sequence structure, whereas
asking them to concurrently perform a task-irrelevant visuo-
spatial memory task can abolish awareness of the sequence
structure. Previous studies on motor sequence learning in upper
limb tasks indicate that explicit awareness of the sequence order
is a prerequisite for sequence-specific movement optimization
(Moisello et al., 2009, 2011; Oostwoud Wijdenes et al., 2016).
When explicit sequence knowledge is important for sequence-
specific motor learning in a postural task one would expect to find
interference from an added secondary task, especially in older
adults.
In the target-directed weight-shifting task, participants
control their CoP on a force platform by shifting their weight in
order to move a cursor on a screen in front of them (Jongman
et al., 2012; de Vries et al., 2014). Participants are asked to
move the cursor to a target that can appear in one of five
locations. A specific sequence of targets recurs throughout the
practice session. Motor skill in this task requires both adequate
planning and execution. One needs to predict the upcoming
target location to move efficiently to the right side and great
execution skill is required to control the cursor to stabilize
on the target location. The directional accuracy of the CoP
displacement in the first part of the target-directed movement
is a good proxy for the planning accuracy, a higher accuracy
of movement direction reflects better anticipation of the target
location, demonstrating a greater degree of plan-based motor
learning (Ghilardi et al., 2003, 2009). A previous study on
target-directed weight-shifting showed that the steadiness of the
movement increased (i.e., less velocity peaks and dwell time in
the vicinity of the target) when the upcoming target location
was predictable compared to when it was not (Jongman et al.,
2012). This finding suggests that knowledge of the sequence order
and anticipating the target location may improve not only the
initial planning of the target-directed movement (e.g., directional
accuracy in the first part of the movement), but also the visual
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guidance or control over the execution of the movement (e.g.,
homing-time necessary for corrective movements in the vicinity
of the target).
In the current study healthy older and young participants
repeatedly performed a sequence of voluntary displacements
of the CoP to assess whether (1) age affects the capacity for
sequence-specific postural motor learning, (2) explicit knowledge
about the sequence order leads to better movement optimization
than implicit learning, and (3) sequence-specific postural motor
learning degrades under dual task conditions. We hypothesized
that practicing the sequential target-directed weight shifting
task leads to sequence specific improvements in both age
groups. Since the attentional cost of postural control increases
in older adults, we expected also that beneficial effects of
sequence awareness on movement optimization are lower in




Twelve young adults (23.9 ± 4.3 years) and 12 older adults
(67.9± 2.5 years) participated in the experiment. Participants had
no neurological or orthopedic disorders that might have an effect
on cognition or postural control and were able to walk and stand
unaided for at least 1 h. The local institution’s ethical committee
approved the study and the participants signed informed consent.
Apparatus and Task Environment
The experiment was conducted in the Computer Assisted
Rehabilitation Environment laboratory (CAREN; Motek
Medical). Participants stood on two force platforms (Bertec
FP4060-08). On a large screen, positioned 2.5 m in front of
the participant, a cursor provided online feedback of the CoP
displacements of the participant (de Vries et al., 2014). The
displacements of the CoP were displayed on the vertical screen
as cursor movements from left to right for the medio-lateral
component and from top to bottom for the anterior–posterior
component. At the start of the experiment participants stood
in a natural position with arms at the side and the software
positioned the cursor on the center target on the screen goal
targets were presented sequentially in one of five possible
locations on a hemicycle above the central target (north, east,
west, north-east, and north-west). When the cursor touched
the displayed target for 200 ms the target disappeared and
the next target appeared. The distance between the central
target and the radial targets was 72 cm on the screen and the
diameter of the target was 18 cm, this corresponded with a
CoP-displacement of 0.06 and 0.015 m, respectively. Participants
were instructed to move the cursor from the central target to
the appearing radial target and move the cursor back to the
central target when the radial target disappeared and the central
target appeared. They were instructed to make movements
as quickly and as accurately as possible. The participants
were not allowed to move their feet on the force plate. At the
start of the experiment a short training session of 30 radial
targets was performed to familiarize the participants with
the relationship between their body motions and the cursor
displacements.
Design of the Motor Sequence-Learning
Task
In the experimental conditions 20 consecutive blocks were
performed in which the targets were presented either in random
order (4 R-blocks), or in a fixed recurring sequence (16
S-blocks). See Figure 1 for an overview of the series of test
blocks used in each condition. The targets in the R-block were
never presented two times in a row and each target-to-target
movement (e.g., neutral to north, neutral to northwest) was
presented twice. For each condition the first two test blocks of
the experiment were R-blocks consisting of 21 targets. These
random blocks were considered baseline blocks; the first random
block was the random baseline-test (R-Base) and the second
one was used as random pre-test (R-Pre). Subsequently, 15
S-blocks were performed. In each S-block a simple sequence
of five different targets was presented three times. Thus, the
learning phase consisted of 45 sequence repetitions. The sequence
order differed between conditions and participants. The last
sequence block (S15) of this learning phase was used as a
sequence post-test (S-Post). In-between S-block 8 and S-block
9 a break was introduced to allow for a short-term recovery of
fatig. To analyse the effect of sequence removal after sequence
learning, S-Post was followed by a R-block of 21 targets (R-
Post). After R-Post the sequence was reintroduced in block S16
(S-rec), to reveal if sequence learning was retained after the
interfering introduction of a random phase. To diminish effects
of sequence expectation, the sequence was reintroduced without
any warning and immediately followed by another R-block. (R4).
This final R-block was also introduced to prevent participants
from obtaining sequence knowledge in retrospect by re-enacting
the last trials that were performed.
The Learning Conditions
Each participant performed this series of blocks three times
with different instructions. The order of the conditions was
counterbalanced across participants and a rest time of at
least 15 min was introduced between learning conditions. In
the explicit single-task condition participants were instructed
to discover the sequence in the task. In the explicit dual-
task condition participants were instructed to discover the
sequence in the learning phase and were required to perform a
concurrent visuo-spatial memory task. In the implicit condition
the participants were instructed that the targets appeared
in random order throughout this session and performed a
concurrent visuo-spatial memory task. An implicit single-
task condition was not included in the current experiment
since pilot studies showed that young participants became
easily aware of the sequence when the cognitive task was
absent.
The visuo-spatial memory task was an adaptation of the
Brooks Spatial Matrix task (Brooks, 1967). Participants listened to
a set of sentences composing a description of a spatial sequence
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FIGURE 1 | Description of the experimental setup. R, random block; S, Sequence block.
of locations, such as “In the starting square put a 1, in the next
square to the left put a 2, in the next square down put a 3.” For
the younger participants, recorded instructions were given for
number placement after every 10 target-directed movements, for
a total of 17 numbers. Older participants were given instructions
after every 13 target-directed movement and were required to
remember 13 numbers. This task was administered at the start
of the experiment and twice per learning condition (e.g., before
and after the break).
After each learning condition it was tested with a free recall
test whether the participants acquired awareness of the target
sequence. If participants were not able to correctly report the
sequence order a four-way forced-choice test was conducted,
to test sequence recognition. Prior to the experiment two
criteria were formulated regarding the sequence awareness in
the different conditions, (1) participants should become aware
of the sequence in the explicit single-task condition and (2)
participants should not become aware of the sequence in the
implicit condition. Participants were excluded from the data
analysis when they did not meet these criteria.
Data Analysis
Before determining the outcome measures from the CoP
coordinates the raw CoP position data were filtered using a low-
pass fourth order Butterworth filter, with a cut-off frequency of
5 Hz. Subsequently, plan-based and on line control processes
were isolated with a trajectory analysis of each target-directed
FIGURE 2 | Illustration of the center-out movement to a presented
radial target (white) and the outcome parameters directional error and
homing time. The figure is based on one trial of a young subject at the start
(A) and at the end (B) of a practice session. The angle (α) between the two
blue lines determines the directional error. The homing time is the time it takes
from leaving the dotted circle to stabilizing on the radial target (red trajectory).
At the start of the experiment the subject had a larger homing time and a
larger directional error than at the end of the practice session (left panel vs.
right panel).
movement (see Figure 2). Specifically, the directional error of
the first part of the CoP trajectory and the time it takes to
reach and stabilize on the radial target in the second part
(homing-time) of the CoP trajectory were selected to reflect
the plan-based and on-line control processes, respectively. The
directional error was determined at the point where the cursor
leaves the central target area (e.g., the exit point) and defined
as the angle between two lines; one line connecting the exit
point with the origin of the central target and the other
representing the ideal path connecting the origins of the central
target and the radial target. The homing time is the time it
takes from the exit point until the disappearance of the radial
target.
The transition from the sequence posttest (block S15; S-Post)
to the random posttest (R3; R-Post) resulted in large movement
errors on the first trial of the random block. This error was
possibly the result of learning the sequence, causing participants
to wrongly predict an upcoming target location in the random
target location condition. Therefore, the first trial of the 21
trials of the random posttest (block R3) has been removed from
analysis. We excluded from further analysis also the trials in
which the cursor traveled a distance less than 0.01 m in the
home area (6.14% due to technical difficulties) and trials in which
movement times were longer than 2.3 s (0.86%).
Statistical Analysis
All statistical analyses were applied to both outcome measures,
homing time and directional error, separately. Preliminary 2
(Age) × 3 (Condition) repeated-measures ANOVAs with Age
as the between-subjects factor and Condition as the within-
subjects factor were applied to the performance measures in
the random baseline-test (R-Base) to compare the initial task
performance of the young and older participants for the three
conditions. To assess the general training effects over the
sequence blocks, Age (young vs. old) × Condition (implicit vs.
explicit single vs. explicit dual task) × Test block (R-Pre vs.
S-post) ANOVAs were applied. To examine whether sequence-
specific learning occurred, sequence removal and sequence
reintroduction effects were tested with Test block (S-Post vs.
R-Post vs. S-Rec) × Condition (explicit single task vs. explicit
dual-task vs. implicit) × Age (young vs. old) ANOVAs. To
further explore significant effects, we performed post hoc tests
with Bonferroni corrected adjustments to protect the level of
significance.
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RESULTS
Explicit Knowledge Assessment
In the explicit single-task condition participants were instructed
to discover the sequence while performing the target-directed
weight-shifting task. Upon completion, one older participant did
not show explicit knowledge of the sequence in both the free-
recall and the forced choice task, thus his results were excluded
from further analysis. All young participants acquired explicit
sequence knowledge in the explicit single-task condition and
successfully reported the sequence order in the free recall test. In
the implicit condition, where sequence knowledge should not be
available to the participants, two young and one older participant
revealed the right sequence in the explicit knowledge assessment
tests. The three participants that discovered the sequence order
in the implicit condition were excluded from further analysis.
After performing the explicit-dual task condition all the young
participants and none of the older participants were able to
recall the sequence. When the older adults without declarative
knowledge of the sequence were given the forced-choice test, four
of them were belatedly able to recognize the sequence order.
Interestingly, not all participants that discovered the sequence
order in the training phase also noticed the recurrence of
the sequence in block S16 (test block: S-rec), because it was
hidden between two random blocks (R-Post and R4). Only six
young and five older participants reported that they noticed the
recurrence of the sequence in the explicit single-task condition.
Three young and two older participants mentioned the sequence
recurrence in the explicit dual-task condition and none of the
participants noticed the sequence recurrence in the implicit
learning condition.
Cognitive Task Performance
During the experiment participants were asked to prioritize
the visuo-spatial memory task over sequence learning. Task
performance on the visuo-spatial memory test during sequence
learning was compared with task performance prior to the
experiment. As expected, no significant decrease in performance
on the cognitive task was observed for both the young and
older participants. When tested prior to the experiment the
young participants performed the visuo-spatial memory task
successfully, that is 17 out of 17 numbers were correctly placed.
Young participants correctly placed an average of 15.8 out of 17
numbers at the end of the dual task conditions (explicit dual task
and implicit condition). The older participants scored an average
of 6.9 out of 13 correct numbers before the intervention, while
this was 6.3 out of 13 at the end of the dual task conditions.
These results imply that participants followed the instructions
and were able to focus on the cognitive-task while performing the
target-directed weight-shifting task.
Baseline Motor Task Performance
Mean and standard deviations of homing-time and directional
error for old and young participants per condition on the first
block of trials with random target order, e.g., R-Base are depicted
in Figure 3. A significant main effect of Age was found for
homing-time [F(1,18)= 10.22, p= 0.005], with a longer homing-
time for the old than the young participants. No significant main
effect of Age was found for directional error. No significant main
effects of Condition nor significant interaction effects of Age by
Condition were revealed, indicating no significant performance
difference between the various conditions at the start of the
experiment.
Practice Phase (R-Pre vs. S-Post)
Mean and standard deviations of homing-time and directional
error for old and young participants per condition on the test
moments R-Pre and S-post are presented in Figure 3.
For homing-time, significant main effects of Age
[F(1,18) = 17.55, p = 0.001] and Test block [F(1,18) = 34.25,
p < 0.001] were found. Homing-time was shorter for the young
than for the old participants and performance improved with
practice in all learning conditions, indicated by a decrease in
homing-time. No significant main effect of Condition and no
interaction effects were found.
For directional error, a significant main effect of Test block
[F(1,18) = 14.40, p = 0.001] and a significant interaction
effect of Test block by Condition [F(2,36) = 5.34, p = 0.009]
was found. No significant main effect of Age was found. To
assess the difference between R-pre and S-post for each learning
condition separately, post hoc paired t-tests were performed with
an adjusted alpha of 0.017 to protect the level of significance.
Performance improvement over practice was revealed, indicated
by a significant decrease in directional error, in the explicit single
task condition [t(19) = 4.13, p = 0.001] and in the implicit
condition [t(19) = 2.85, p = 0.010], but not in the explicit dual
task condition.
Sequence Removal and Sequence
Recurrence Analysis (S-Post vs. R-Post
vs. S-Rec)
Means and standard deviations of homing-time and directional
error for old and young participants per condition on the test
moments S-Post, R-Post, and S-Rec are presented in Figure 3.
For homing-time, a significant main effect of Age
[F(1,18) = 16.23, p = 0.001] and a significant main effect of Test
block (S-Post, R-Post, S-Rec) was observed [F(2,36) = 34.36,
p < 0.001]. No significant main effect of Condition and no
significant interaction effects were found. Post hoc pairwise
comparisons with Bonferroni adjustments revealed that homing-
time significantly increased in R-Post compared to S-Post
(p < 0.001) and then significantly decreased in S-Rec compared
to R-Post (p < 0.001). The homing time was not significantly
different between the test blocks S-Post and S-Rec (p = 0.072).
This implies that both young and older adults were able to
improve the time it takes to home in on the target by taking
advantage of the sequence structure, as indicated by a significant
increase in homing-time when the sequence is removed and a
decrease again when the sequence is reintroduced.
For directional error, significant main effects of Test block (S-
Post, R-Post, S-Rec); [F(2,36) = 28.29, p < 0.001) and Condition
[F(2,36) = 3.51, p = 0.040] were found. Furthermore, there
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FIGURE 3 | Mean value and standard-error bar for each age group on each test block showing; the absence of an aging effect at the beginning of the
experiment for directional error, a slower homing-time for the older participants, general practice effects on directional error and homing-time
(R-Pre vs. S-Post), and the effects of sequence removal and re-introduction (the phase between the two vertical dotted lines on the right side).
was a significant interaction between Test block and Condition
[F(4,72) = 6.80, p < 0.001] and also a significant interaction
between Age, Test block, and Condition [F(4,72) = 3.09,
p = 0.021]. To assess the difference between S-post and R-post
for each learning condition and age group separately, post hoc
pairwise comparisons were performed with a Bonferroni adjusted
alpha of 0.008 to protect the level of significance. For the
older participants a significantly higher directional error with
sequence removal was only observed in the implicit condition
and not in both explicit conditions. For the young participants a
significantly higher directional error with sequence removal was
observed in the implicit and explicit single task conditions but
not in the explicit dual task condition. To further explore the
robustness of the sequence learning effect, differences between
the two sequence blocks (S-post and S-rec) were assessed. In
the implicit condition the difference in directional error between
S-post and S-rec was not significant for both young and older
adults, indicating a robust sequence learning effect. Only for the
young adults in the explicit single task condition a significant
increase in directional error was observed in S-rec compared to
S-post (p< 0.001), suggesting an interfering effect of the random
block (R-post), which was inserted between the two sequence
blocks (S-post and S-rec).
DISCUSSION
The aim of the current study was to examine the possible effect(s)
of implicit and explicit learning of a sequential postural task in
older adults compared to young adults. To this end, a target-
directed weight-shifting task was created in a virtual environment
in which targets were presented in a certain sequence or
randomly.
The results showed that participants were able to discover the
simple deterministic sequence order of five targets in the explicit
learning condition. In the implicit condition the concurrent
cognitive task prevented most participants from discovering the
simple sequence, as intended. In accordance with our hypothesis,
and in contrast to previous research using a postural perturbation
task (Van Ooteghem et al., 2008, 2010), we found evidence
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for sequence-specific postural motor learning. With practice
on the sequence blocks young and older participants showed
improved performance and an abrupt decrease in performance
when the sequential regularity was removed. However, depending
on age plan-based motor sequence learning, quantified by
improvements in directional error, was not optimal in all
learning conditions. Conversely sequence specific improvements
in homing time occurred in all participants regardless of learning
condition and age. The general observation that old and young
participants show sequence specific motor learning in a postural
control task is in contrast with the work of Van Ooteghem
et al. (2008, 2010). In a postural motor learning study in which
participants were exposed to a repeated sequence of platform
motions, sequence learning did not occur. Participants improved
with practice, but learning was not better for the repeating
sequence than for the random sequence (Van Ooteghem et al.,
2008, 2010). It should be noted that in our study the task
setup was different, instead of reacting to external perturbations,
participants generated active postural responses to aim for
visually presented targets in a sequential order and showed
sequence specific postural motor learning.
Adding explicit knowledge of the sequence order was not
a prerequisite for acquiring sequence-specific improvements
in target-directed weight-shifting. In both age groups in the
implicit condition, where explicit knowledge of the sequence
order was not acquired, homing time and directional error
improved during prolonged sequence practice. Subsequently,
after practice, homing time and directional error increased with
sequence removal (in test block R-post) and decreased again with
sequence reintroduction (in test block S-rec). This implies that
without knowledge of the sequence order and when distracted
by a cognitive task (in the implicit condition), both older and
young participants showed sequence-specific improvements in
the steadiness of the movement execution and in plan-based
control.
For improving plan-based control (directional error), explicit
information about the sequence order through self-discovery,
was in certain circumstances even detrimental. Participants who
intended to search for the sequence order and concurrently
performed the visuo-spatial cognitive task, did not improve
in directional error. Thus, our hypothesis that a concurrent
cognitive task disrupts postural sequence learning with less
interference on implicit than explicit motor learning was
supported for learning to control the direction of the initial part
of the target-directed movement. Studies using the serial reaction
time task found similar results; explicitly searching for a sequence
structure could disrupt motor sequence learning in conditions in
which there is not sufficient cognitive capacity available (Curran,
1997; Fletcher et al., 2005; Jimenez and Vazquez, 2005). The
multiple explicit requirements of the explicit dual task condition
is likely to have placed a high load on the processing limitations
of the working memory system, thereby retarding improvements
in the advance planning of the upcoming target-directed postural
movement in both young and older participants.
Sequence-specific improvements in the homing time occurred
in both older and young participants regardless of the learning
condition. Thus motor learning in the homing phase was
preserved when the cognitive capacity was overloaded by the
explicit attempts to acquire the sequence order in combination
with performing the visuo-spatial cognitive task. Therefore, it
can be assumed that changes in the homing phase are implicitly
achieved, unmolested by acquiring explicit sequence knowledge
and without much dependence on working memory (Willingham
and Goedert-Eschmann, 1999; Willingham et al., 2002).
Age-related difficulties with sequential motor learning were
observed for plan-based control (directional error) in the explicit
single task condition. Both young and older participants acquired
knowledge of the sequence order in this learning condition,
but only the young participants and not the older participants
showed sequence-specific improvements in directional error, as
revealed by the significant increase in directional error with
sequence removal (in test block R-post). However, for the young
participants, this sequence specific learning was less robust
compared to the implicit condition. This was evidenced by the
fact that reintroducing the sequence unbeknownst to participants
(in test block S-Rec) did not significantly decrease directional
error. Even though explicit knowledge was acquired, one did
not recover from the increase in directional error due to the
random block interference (in test block R-Post). Possibly one
needs to be fully aware of the recurrence of the sequence
before being able to express explicit sequence learning in plan-
based control of the movement (Willingham and Goedert-
Eschmann, 1999). In contrast, in the implicit condition plan-
based control improved (decrease in directional error) when the
sequence was reintroduced (in test block S-Rec). This indicates
a robust implicit memory of the sequence and the ability to
more accurately execute the initial part of the target-directed
movement without sequence awareness. The finding that, for
the older participants, sequence specific learning of directional
error occurred in the implicit condition and not in both explicit
conditions, supports the proposition that implicit motor learning
is relatively preserved with age in comparison with explicit
learning (Reber, 1992; Cherry and Stadler, 1995; Hedden and
Gabrieli, 2004; Shea et al., 2006; Brown et al., 2009; Gaillard et al.,
2009; Song et al., 2009).
A new finding of our work is that sequence practice not
only affects the initial plan-based part of the movement, but
also led to a progressive improvement of motor control late
in the movement trajectory in both young and older adults.
Successful achievement of the task goal depends not only on
correctly anticipating the target and planning a movement
with the right direction and extent, but also on the ability to
quickly adjust the ongoing movement based on visual feedback
about the effector and target (Glover, 2004; Caljouw et al.,
2006, 2011). When sequential arm-reaching movements are
practiced, control shifts from a reaction mode to an anticipatory
mode within a few practice trials, requiring far less online
visual control at the end of the practice session than at the
start of the practice session (Ghilardi et al., 2003, 2009). In
our target-directed weight-shifting task, the target area is not
easily reached given the inherent variability in postural control,
which is observed even during quiet standing in the start
position (Zatsiorsky and Duarte, 2000; Lamoth et al., 2009).
Even after practice, a directional error with a large standard
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deviation was still present. The presence of a directional error
highlights the need for corrections in the vicinity of the target
area, to achieve a rather stable final position within the target.
The homing time in older participants was substantially longer
than young participants, indicating less optimal control in the
vicinity of the target (Jongman et al., 2012; de Vries et al.,
2014). Despite this difference in performance, both older and
younger participants showed changes in homing time with
sequence removal and reintroduction after practice, indicating
age-invariant sequence-specific performance optimization late in
the movement trajectory.
Participants showed a progressive improvement in aim
direction and homing time for the sequence elements without
explicit awareness of the sequence in the implicit condition.
This is inconsistent with previous work on upper-limb motor
sequence learning suggesting that sequence awareness allows for
a progressive change in movement execution (Moisello et al.,
2009, 2011; Oostwoud Wijdenes et al., 2016). For example, in a
finger-opposition task procedural optimization of the movement
(reflected by a change in thumb-finger touch duration) was
reached only in conditions in which participants acquired explicit
sequence knowledge (Moisello et al., 2011). The observations
in our study do not support the suggestion that knowledge is
important for motor learning (Stanley and Krakauer, 2013; Wong
et al., 2015).
CONCLUSION
The results of the present study show that sequence learning in a
postural visuomotor control task is possible in both young and
older adults. The most robust learning effects for both groups
were observed for the implicit learning condition. Only the young
participants were able to decrease the directional error with
sequence practice in the explicit condition, implying that older
adults were hampered by the additional attentional cost of explicit
sequence monitoring. In contrast, focusing attention on task-
irrelevant aspects during sequence practice (i.e., the cognitive
task in the implicit condition) did not hamper improvement
in both aim direction and homing time in older adults. The
finding that introducing a secondary task that prevented the
accumulation of explicit knowledge resulted in a robust learning
effect provides further support for the notion that implicit motor
learning methods may be desirable for older adults.
AUTHOR CONTRIBUTIONS
SC and CL made substantial contributions to conception and
design, acquisition of data, and analysis and interpretation
of data. RV made substantial contribution to analysis and
interpretation of data. SC, CL, and RV participated in drafting the
article and revising it critically for important intellectual content;
and give final approval of the version to be submitted and are
accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.
ACKNOWLEDGMENT
We thank Sander Woldhek for the data collection and Helco van
Keeken for programming the Computer Assisted Rehabilitation
Environment.
REFERENCES
Bennett, I. J., Howard, J. H. Jr., and Howard, D. V. (2007). Age-related differences
in implicit learning of subtle third-order sequential structure. J. Gerontol. Ser. B
Psychol. Sci. Soc. Sci. 62, 98–103. doi: 10.1093/geronb/62.2.P98
Boisgontier, M. P., Beets, I. A., Duysens, J., Nieuwboer, A., Krampe, R. T.,
and Swinnen, S. P. (2013). Age-related differences in attentional cost
associated with postural dual tasks: increased recruitment of generic cognitive
resources in older adults. Neurosci. Biobehav. Rev. 37, 1824–1837. doi:
10.1016/j.neubiorev.2013.07.014
Brooks, L. R. (1967). The suppression of visualization by reading. Q. J. Exp. Psychol.
19, 289–299. doi: 10.1080/14640746708400105
Brown, R. M., Robertson, E. M., and Press, D. Z. (2009). Sequence skill
acquisition and off-line learning in normal aging. PLoS ONE 4:e6683. doi:
10.1371/journal.pone.0006683
Caljouw, S. R., van der Kamp, J., Lijster, M., and Savelsbergh, G. J. (2011).
Differential effects of a visual illusion on online visual guidance in a stable
environment and online adjustments to perturbations. Conscious. Cogn. 20,
1135–1143. doi: 10.1016/j.concog.2011.03.002
Caljouw, S. R., van der Kamp, J., and Savelsbergh, G. J. (2006). The impact of
task-constraints on the planning and control of interceptive hitting movements.
Neurosci. Lett. 392, 84–89. doi: 10.1016/j.neulet.2005.08.067
Castel, A. D., and Craik, F. I. (2003). The effects of aging and divided attention on
memory for item and associative information. Psychol. Aging 18, 873–885. doi:
10.1037/0882-7974.18.4.873
Chambaron, S., Ginhac, D., Ferrel-Chapus, C., and Perruchet, P. (2006). Implicit
learning of a repeated segment in continuous tracking: a reappraisal. Q. J. Exp.
Psychol. 59, 845–854. doi: 10.1080/17470210500198585
Cherry, K. E., and Stadler, M. A. (1995). Implicit learning of a nonverbal sequence
in younger and older adults. Psychol. Aging 10, 379–394. doi: 10.1037/0882-
7974.10.3.379
Curran, T. (1997). Effects of aging on implicit sequence learning: accounting
for sequence structure and explicit knowledge. Psychol. Res. 60, 24–41. doi:
10.1007/BF00419678
de Vries, E. A., Caljouw, S. R., Coppens, M. J., Postema, K., Verkerke, G. J.,
and Lamoth, C. J. (2014). Differences between young and older adults in the
control of weight shifting within the surface of support. PLoS ONE 9:e98494.
doi: 10.1371/journal.pone.0098494
Feeney, J. J., Howard, J. H. Jr., and Howard, D. V. (2002). Implicit learning
of higher order sequences in middle age. Psychol. Aging 17, 351–355. doi:
10.1037/0882-7974.17.2.351
Fitts, P. M., and Posner, M. (1967). Human Performance. Belmont, CA:
Brooks/Cole Pub. Co.
Fletcher, P. C., Zafiris, O., Frith, C. D., Honey, R. A. E., Corlett, P. R., Zilles, K., et al.
(2005). On the benefits of not trying: Brain activity and connectivity reflecting
the interactions of explicit and implicit sequence learning. Cereb. Cortex 15,
1002–1015. doi: 10.1093/cercor/bhh201
Frensch, P. A., and Miner, C. S. (1994). Effects of presentation rate and individual
differences in short-term memory capacity on an indirect measure of serial
learning. Mem. Cogn. 22, 95–110. doi: 10.3758/BF03202765
Gaillard, V., Destrebecqz, A., Michiels, S., and Cleeremans, A. (2009). Effects of
age and practice in sequence learning: a graded account of ageing, learning, and
control. Eur. J. Cogn. Psychol. 21, 255–282. doi: 10.1080/09541440802257423
Ghilardi, M. F., Carbon, M., Silvestri, G., Dhawan, V., Tagliati, M., Bressman, S.,
et al. (2003). Impaired sequence learning in carriers of the DYT1 dystonia
mutation. Ann. Neurol. 54, 102–109. doi: 10.1002/ana.10610
Frontiers in Psychology | www.frontiersin.org 8 May 2016 | Volume 7 | Article 733
fpsyg-07-00733 May 21, 2016 Time: 13:40 # 9
Caljouw et al. Learning Sequential Postural Weight-Shifting
Ghilardi, M. F., Moisello, C., Silvestri, G., Ghez, C., and Krakauer, J. W.
(2009). Learning of a sequential motor skill comprises explicit and implicit
components that consolidate differently. J. Neurophysiol. 101, 2218–2229. doi:
10.1152/jn.01138.2007
Glover, S. (2004). Separate visual representations in the planning and control of
action. Behav. Brain Sci. 27, 3–24. doi: 10.1017/S0140525X04000020
Hedden, T., and Gabrieli, J. D. (2004). Insights into the ageing mind: a view from
cognitive neuroscience. Nat. Rev. Neurosci. 5, 87–96. doi: 10.1038/nrn1323
Howard, D. V., and Howard, J. H. Jr. (2001). When it does hurt to try: adult age
differences in the effects of instructions on implicit pattern learning. Psychon.
Bull. Rev 8, 798–805. doi: 10.3758/BF03196220
Howard, D. V., Howard, J. H. Jr., Japikse, K., DiYanni, C., Thompson, A., and
Somberg, R. (2004). Implicit sequence learning: effects of level of structure,
adult age, and extended practice. Psychol. Aging 19, 79–92. doi: 10.1037/0882-
7974.19.1.79
Howard, J. H., and Howard, D. V. (2013). Aging mind and brain: is
implicit learning spared in healthy aging? Front. Psychol. 4:817. doi:
10.3389/fpsyg.2013.00817
Huxhold, O., Li, S. C., Schmiedek, F., and Lindenberger, U. (2006). Dual-
tasking postural control: aging and the effects of cognitive demand in
conjunction with focus of attention. Brain Res. Bull. 69, 294–305. doi:
10.1016/j.brainresbull.2006.01.002
Janacsek, K., and Nemeth, D. (2012). Predicting the future: from implicit
learning to consolidation. Int. J. Psychophysiol. 83, 213–221. doi:
10.1016/j.ijpsycho.2011.11.012
Jimenez, L., and Vazquez, G. A. (2005). Sequence learning under dual-task
conditions: alternatives to a resource-based account. Psychol. Res. 69, 352–368.
doi: 10.1007/s00426-004-0210-9
Jongman, V., Lamoth, C. J., van Keeken, H., and Caljouw, S. R. (2012). Postural
control of elderly: moving to predictable and unpredictable targets. Stud. Health
Technol. Inform. 181, 93–97.
King, B. R., Fogel, S. M., Albouy, G., and Doyon, J. (2013). Neural correlates of the
age-related changes in motor sequence learning and motor adaptation in older
adults. Front. Hum. Neurosci. 7:142. doi: 10.3389/fnhum.2013.00142
Lamoth, C. J., van Lummel, R. C., and Beek, P. J. (2009). Athletic
skill level is reflected in body sway: a test case for accelometry in
combination with stochastic dynamics. Gait Posture 29, 546–551. doi:
10.1016/j.gaitpost.2008.12.006
Laughton, C. A., Slavin, M., Katdare, K., Nolan, L., Bean, J. F., Kerrigan,
D. C., et al. (2003). Aging, muscle activity, and balance control: physiologic
changes associated with balance impairment. Gait Posture 18, 101–108. doi:
10.1016/S0966-6362(02)00200-X
Lovden, M., Schaefer, S., Pohlmeyer, A. E., and Lindenberger, U. (2008). Walking
variability and working-memory load in aging: a dual-process account relating
cognitive control to motor control performance. J. Gerontol. B Psychol. Sci. Soc.
Sci. 63, 121–128. doi: 10.1093/geronb/63.3.P121
Masters, R. S. (1992). Knowledge knerves and know-how. The role of explicit versus
implicit knowledge in the breakdown of complex motor skill under pressure. Br.
J. Psychol. 83, 343–358.
Moisello, C., Avanzino, L., Tacchino, A., Ruggeri, P., Ghilardi, M. F., and
Bove, M. (2011). Motor sequence learning: acquisition of explicit knowledge
is concomitant to changes in motor strategy of finger opposition movements.
Brain Res. Bull. 85, 104–108. doi: 10.1016/j.brainresbull.2011.03.023
Moisello, C., Crupi, D., Tunik, E., Quartarone, A., Bove, M., Tononi, G., et al.
(2009). The serial reaction time task revisited: a study on motor sequence
learning with an arm-reaching task. Exp. Brain Res. 194, 143–155. doi:
10.1007/s00221-008-1681-5
Nejati, V., Garusi Farshi, M. T., Ashayeri, H., and Aghdasi, M. T. (2008). Dual
task interference in implicit sequence learning by young and old adults. Int.
J. Geriatr. Psychiatry 23, 801–804. doi: 10.1002/gps.1976
Nissen, M. J., and Bullemer, P. (1987). Attentional requirements of learning:
evidence from performance measures. Cogn. Psychol. 19, 1. doi: 10.1016/0010-
0285(87)90002-8
Oostwoud Wijdenes, L., Brenner, E., and Smeets, J. (2016). Exposing sequence
learning in a double-step task. Exp. Brain Res. 234, 1701–1712. doi:
10.1007/s00221-016-4566-z
Orrell, A. J., Eves, F. F., and Masters, R. S. (2006). Implicit motor learning of a
balancing task. Gait Posture 23, 9–16. doi: 10.1016/j.gaitpost.2004.11.010
Park, H. L., O’Connell, J. E., and Thomson, R. G. (2003). A systematic review of
cognitive decline in the general elderly population. Int. J. Geriatr. Psychiatry 18,
1121–1134. doi: 10.1002/gps.1023
Reber, A. S. (1992). The cognitive unconscious: an evolutionary perspective.
Conscious. Cogn. 1, 93–133. doi: 10.1016/1053-8100(92)90051-B
Rieckmann, A., and Backman, L. (2009). Implicit learning in aging: extant patterns
and new directions. Neuropsychol. Rev. 19, 490–503. doi: 10.1007/s11065-009-
9117-y
Shea, C. H., Park, J. H., and Braden, H. W. (2006). Age-related effects in sequential
motor learning. Phys. Ther. 86, 478–488.
Shea, C. H., Wulf, G., Whitacre, C. A., and Park, J. H. (2001). Surfing the implicit
wave. Q. J. Exp. Psychol. A 54, 841–862. doi: 10.1080/713755993
Simon, J. R., Howard, J. H. Jr., and Howard, D. V. (2011). Age differences in implicit
learning of probabilistic unstructured sequences. J. Gerontol. Ser. B Psychol. Sci.
Soc. Sci. 66, 32–38. doi: 10.1093/geronb/gbq066
Song, S., Marks, B., Howard, J. H. Jr., and Howard, D. V. (2009). Evidence for
parallel explicit and implicit sequence learning systems in older adults. Behav.
Brain Res. 196, 328–332. doi: 10.1016/j.bbr.2008.09.022
Stanley, J., and Krakauer, J. W. (2013). Motor skill depends on knowledge of facts.
Front. Hum. Neurosci. 7:503. doi: 10.3389/fnhum.2013.00503
Sturnieks, D. L., St George, R., and Lord, S. R. (2008). Balance disorders
in the elderly. Neurophysiol. Clin. 38, 467–478. doi: 10.1016/j.neucli.2008.
09.001
Van Ooteghem, K., Frank, J. S., Allard, F., Buchanan, J. J., Oates, A. R., and
Horak, F. B. (2008). Compensatory postural adaptations during continuous,
variable amplitude perturbations reveal generalized rather than sequence-
specific learning. Exp. Brain Res. 187, 603–611. doi: 10.1007/s00221-008-
1329-5
Van Ooteghem, K., Frank, J. S., Allard, F., and Horak, F. B. (2010). Aging
does not affect generalized postural motor learning in response to variable
amplitude oscillations of the support surface. Exp. Brain Res. 204, 505–514. doi:
10.1007/s00221-010-2316-1
Vandenbossche, J., Coomans, D., Homblé, K., and Deroost, N. (2014). The effect of
cognitive aging on implicit sequence learning and dual tasking. Front. Psychol.
5:154. doi: 10.3389/fpsyg.2014.00154
Verneau, M., van der Kamp, J., Savelsbergh, G. J., and de Looze, M. P. (2014). Age
and time effects on implicit and explicit learning. Exp. Aging Res. 40, 477–511.
doi: 10.1080/0361073X.2014.926778
Verwey, W. B. (2010). Diminished motor skill development in elderly:
indications for limited motor chunk use. Acta Psychol. 134, 206–214. doi:
10.1016/j.actpsy.2010.02.001
Willingham, D. B., and Goedert-Eschmann, K. (1999). The relation between
implicit and explicit learning: evidence for parallel development. Psychol. Sci
10, 531–534. doi: 10.1111/1467-9280.00201
Willingham, D. B., Salidis, J., and Gabrieli, J. D. (2002). Direct comparison of neural
systems mediating conscious and unconscious skill learning. J. Neurophysiol.
88, 1451–1460. doi: 10.1152/jn.00461.2001
Wong, A. L., Lindquist, M. A., Haith, A. M., and Krakauer, J. W. (2015).
Explicit knowledge enhances motor vigor and performance: motivation versus
practice in sequence tasks. J. Neurophysiol. 114, 219–232. doi: 10.1152/jn.00218.
2015
Zatsiorsky, V. M., and Duarte, M. (2000). Rambling and trembling in quiet
standing. Motor Control 4, 185–200.
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Caljouw, Veldkamp and Lamoth. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 9 May 2016 | Volume 7 | Article 733
